Abstract Antibiotic resistance genes (ARGs) in urban rivers are a serious public health concern in regions with poorly planned, rapid development. To gain insights into the predominant factors affecting the fate of ARGs in a highly polluted urban river in eastern China, a total of 285 ARGs, microbial communities, and 20 physicochemical parameters were analyzed for 17 sites. A total of 258 unique ARGs were detected using high-throughput qPCR, and the absolute abundance of total ARGs was positively correlated with total organic carbon and total dissolved nitrogen concentrations (P < 0.01). ARG abundance and diversity were greatly altered by microbial community structure. Variation partitioning analysis showed that the combined effects of multiple factors contributed to the profile and dissemination of ARGs, and variation of microbial communities was the major factor affecting the distribution of ARGs. The disparate distribution of some bacteria, including Bacteroides from mammalian gastrointestinal flora, Burkholderia from zoonotic infectious diseases, and Zoogloea from wastewater treatment, indicates that the urban river was strongly influenced by point-source pollution. Results imply that microbial community shifts caused by changes in water quality may lead to the spread of ARGs, and point-source pollution in urban rivers requires greater attention to control the transfer of ARGs between environmental bacteria and pathogens.
Introduction
Urban environments are vital for human health and sustainable development, and globally, more than 50% of the world population now live in urban areas (Statista 2016; Peña-Fernández et al. 2014) . Urban rivers in rapidly developing regions are often severely impacted by uncontrolled population growth and lagging infrastructure development (Singh et al. 2010; Enger et al. 2012 ). As such, riverine pollution is a serious and growing public health challenge with antibiotic resistance genes (ARGs) regarded as a critical emerging contaminant (Pruden et al. 2006; Xu et al. 2016; Coutinho et al. 2014) . Aquatic ecosystems are ideal environments for diverse ARGs (Amos et al. 2014; Nakayama et al. 2017 ) with high levels of ARGs detected in urban rivers Xu et al. 2016; Rodriguez-Mozaz et al. 2015) . Recently, Di Cesare et al. (2017) found the load of ARGs from rivers was correlated to rainfall, and thus runoff from surrounding lands. The occurrence and dissemination of ARGs in urban river systems have increasingly become a crucial issue in relation to water quality and human health because of the widespread and intensive use of surface waters (Angebault and Andremont 2013; Levy and Marshall 2004; Martínez and Baquero 2014) .
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Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11356-017-0032-0) contains supplementary material, which is available to authorized users. Czekalski et al. (2015) found that human activities strongly impact natural antibiotic resistance in the environment. However, the major factors contributing to the prevalence and fate of ARGs in urban rivers are largely unknown. Several factors, including microbial community structure, environmental parameters, geographic factors, and anthropogenic activities, have been proposed to shape ARG profiles Forsberg et al. 2014; Cabral et al. 2016; Czekalski et al. 2015) .
Recent studies have demonstrated that variations in microbial community structure and mobile genetic elements (MGEs) were significantly correlated with ARG profiles in soil, sludge, and drinking water (Forsberg et al. 2014; Jia et al. 2015; Su et al. 2015) . However, riverine microbiota are exposed to a number of environmental factors including toxins, nutrients, hypoxia, and habitat alterations. Previous studies have examined only a limited number of physicochemical parameters and therefore do not provide enough information for an overall assessment of the distribution of microbiota and ARGs in urban river systems. Severe anthropogenic pollution in urban rivers can strongly affect aquatic environments and directly influence riverine microbiota (Jordaan and Bezuidenhout 2016; Zhang et al. 2015) . Any shift in bacterial communities will further impact the nitrogen and carbon cycles and that in turn will affect microbiota (Hale et al. 2015; Ibekwe et al. 2016) .
In this study, we examined 20 physicochemical parameters from 17 sites along the Wen-Rui Tang River watershed of eastern China. Due to rapid industrial growth and urbanization in recent decades, large volumes of wastewater from untreated sewage and service-oriented enterprises are discharged directly into the WenRui Tang River (Mei et al. 2014 ). The total length of the river with tributaries is 1178 km, and the length of the main stem is 33.9 km (Mei et al. 2014) . High-throughput quantitative PCR (HT-qPCR) with 296 primer sets (285 ARGs, 9 transposase genes, one class 1 integron-integrase gene, and the bacterial 16S ribosomal RNA (rRNA) gene) was used to detect microbial community composition and ARG profiles (Zhu et al. 2013) .
The purpose of this study was to document the prevalence of ARGs and their relationship with bacterial communities and water quality parameters in the Wen-Rui Tang River. Microbial community structures, geographical factors, and physicochemical parameters were measured to assess the key drivers shaping the diversity and abundance of ARGs in the urban river system. Results of this study have broad relevance as the range of conditions examined in the Wen-Rui Tang River is representative of rivers in rapidly developing urban areas throughout the world.
Materials and methods

Sample collection and DNA extraction
Water samples were collected in June 2016 from the Wen-Rui Tang River in Wenzhou, China (Fig. 1a) , and included five main stem sites (A1, A2, A3, A4, and A5), seven first-branch tributaries (B1, B2, B3, B4, B5, B6, and B7), four secondbranch tributaries (C1, C2, C3, and C4), and one suburban site (D1). The average depth of the sampled rivers was 2.4 m depending on sample sites. The 17 water samples were aseptically collected in triplicate from 10 to 20 cm below the water surface with sterile containers, refrigerated during transport to the lab, and analyzed within 24 h. Samples for DNA extraction were collected by vacuum filtration of water onto 0.22-μm pore-size nitrocellulose filters (Millipore, USA) until the filter clogged. The total water volume filtered was recorded for subsequent calculations. Three replicates were prepared for each site, and the membrane filters were carefully transferred to sterile silver paper specimen bags for storage at −80°C. DNA extraction of each filter was performed using a commercial kit (FastDNA SPIN Kit for soil, MP Biomedicals, Santa Ana, CA, USA) according to the manufacturer's instructions. In order to exclude heterogeneity of each sample and experimental bias, we randomized DNA extraction from the three replicate filters from each site. The purity and concentration of DNA extracts were determined by 1.5% agar gel electrophoresis and spectrophotometry (NanoDrop ND-2000c, Thermo, Waltham, MA USA).
Physicochemical analysis
Twenty physicochemical parameters were analyzed including temperature, pH, oxidation-reduction potential (ORP), transparency, turbidity, electrical conductivity (EC), dissolved oxygen (DO), suspended solids (SSs), chlorophyll-a (Chl-a), total nitrogen (TN), dissolved nitrogen (TDN), nitrate (NO 3 − ), nitrite (NO 2 − ), ammonium (NH 4 + ), total phosphorus (TP), total dissolved phosphorus (TDP), phosphate (PO 4 3− ), total carbon (TC), total organic carbon (TOC), and inorganic carbon (IC). All analysis followed standard methods (Mei et al. 2014) .
HT-qPCR and data analysis
HT-qPCR of ARGs was performed using the SmartChip Realtime PCR (Warfergen Inc., Fremont, CA, USA). A total of 296 primer sets targeted 285 ARGs, 9 transposases, one clinical class 1 integron-integrase gene, and 16S rRNA genes (Zhu et al. 2013; Su et al. 2015) . The 285 ARGs conferred resistance to almost all major antibiotics (aminoglycoside, beta-lactams, fluoroquinolone/quinolone/florfenicol/chloramphenicol/amphenicol (FCA), macrolide/lincosamide/ streptogramin B (MLSB), sulfonamide, tetracycline, vancomycin, and genes coding multidrug efflux pumps or antibiotic deactivation protein resistance to other antibiotic and bactericide (other/efflux)) and covered three resistance mechanisms (antibiotic deactivation, efflux pumps, and cellular protection). All primers are listed in Table S1 .
The thermal cycle followed 10 min at 95°C, 40 cycles of denaturation at 95°C for 30 s, and annealing at 60°C for 30 s. Finally, melting curve analyses were automatically generated by the program. For each primer set, amplification was conducted in triplicate and a non-template control was included; amplification efficiency outside the range of 1.8-2.2 was discarded. A comparative threshold cycle (C T ) method was used to determine ARGs' fold change (FC value) for water samples compared to the control (Schmittgen and Livak 2008) . Relative gene copy number of ARGs ¼ 10
Þ, where C T refers to the quantitative PCR results and 31 refers to the detection limit (Zhu et al. 2017 ). Only samples with three repeats that had amplification were regarded as positive and used in further data analysis. The relative copy numbers of ARGs and MGEs generated by the HT-qPCR were transformed into absolute copy numbers by normalization to the absolute 16S rRNA gene copy numbers, which were determined by the standard curve (SC) quantification method.
Absolute 16S rRNA gene copy numbers were determined by SYBR Green I qPCR on a Bio-Rad iQ5 Real-Time PCR (Bio-Rad, Hercules, CA). The qPCR methods of determination of 16S rRNA abundance were described in detail by . All qPCRs were performed in technical triplicates with negative controls.
Bacterial 16S rRNA gene sequencing and analysis
To characterize the microbiota, the V4-V5 region of 16S rRNA genes was amplified using the universal forward 515F (5′-GTGCCAGCMGCCGCGG-3′) and reverse 907R (5′-CCGTCAATTCMTTTRAGTTT-3′) primers (Cui et al. 2015) , and a 7-nucleotide barcode was added to the 5′end of each primer for identification of individual samples in a mixture within a single pyrosequencing run. Each 25 μL PCR contained 17.2 μL ddH 2 O, 2.5 μL 10× PCR buffer, 2.5 mM dNTP mixture, 10 μL of each primer, 1.5 U of Taq DNA polymerase, and 1 μL of template DNA. The thermal cycle followed initial denaturation at 95°C for 5 min, 24 cycles of denaturation at 95°C for 30 s, annealing at 56°C for 30 s, extension at 72°C for 90 s, and a final extension at 72°C for 8 min. The DNA bands were excised and purified followed by NanoDrop ND-2000c analysis to determine the quality and concentration of DNA. Quantitative Insights Into Microbial Ecology (QIIME) was used to process and analyze the high- quality sequences. Sequences with more than 97% similarity were assigned to an operational taxonomic unit (OTU) by UCLUST (Edgar 2010) .
Statistical analysis
Pearson correlation and one-way analysis of variance (ANOVA) were conducted using SPSS v20.0 (IBM, Armonk, NY, USA). A P < 0.05 value was considered statistically significant. Bar charts and line charts were generated by OriginPro 9.1 (OriginLab, Northampton, MA, USA). The partial Mantel test was used to determine correlations among environmental parameters and bacterial communities. Principal coordinate analysis (PCoA) was performed to evaluate differences in ARG profiles among samples based on the Bray-Curtis distance of ARG relative abundance. Mantel tests and redundancy analysis (RDA) were used to determine the correlation between ARG profiles and bacterial communities. Adonis test was conducted to determine significance differences in ARG profiles or bacterial community structure among samples. PCoA (Bray-Curtis distance) and RDA were conducted using Canoco software (v5.0). Shannon diversity, variation partitioning analysis (VPA), Adonis test, Mantel test, partial Mantel test, and heatmaps were prepared in R3.3.1 with vegan and pheatmap packages .
Results
Physicochemical parameters
Sites showed a wide range in physical and chemical water quality properties as summarized in Table S2 . Site C1 was unique among sites having the lowest DO and ORP, but the highest TN, TDN, TDP, PO 4 3− , NH 4 + , TC, TOC, and IC concentrations (P < 0.05).
Characterization of bacterial community
A total of 531,019 reads with an average of 31,236 highquality sequences per sample were obtained from all 17 samples. These sequences clustered into 6111 OTUs at a 3% dissimilarity level. Proteobacteria, Bacteroidetes, Actinobacteria, and Cyanobacteria were the dominant phyla in all samples, accounting for 86.5-96.0% of total bacterial 16S rRNA gene sequences (Fig. 1b) . Urban rivers may receive untreated sewage and rainfall/runoff from surrounding lands that contain abundant nutrients. Some severely contaminated sites are known to experience periodic cyanobacterial blooms throughout the year. Betaproteobacteria was the dominant class in the phylum Proteobacteria (Fig. S1a) . In the phylum Bacteroidetes, Saprospirae, Bacteroidia, and Flavobacteriia were the three dominant classes, and Bacteroidia showed higher abundance at site C1 than other sites (Fig. S1b) . The Actinobacteria phylum was primarily composed of the Actinobacteria class (Fig. S1c) . Chloroplast was the dominant class contributing to variations in the Cyanobacteria phylum (Fig. S1d) . At the genus level, C39, Limnohabitans, and Polynucleobacter within the Proteobacteria phylum were the three most dominant genus, accounting for 5.3-25.1% of total bacterial 16S rRNA gene sequences (Fig. 2) . The relative abundance of bacterial genera, including Bacteroides and Prevotalla within the Bacteroidetes phylum, increased at site C1 (Fig. 2) . Sites B3, B7, and C1 had higher abundances of C39 and Dechloromonas than others, while Synechococcus, Sediminibacterium, and Fluviicola were lower at those sites (Fig. 2) . Overall, these results indicate that geographical factors posed no obvious effect on microbial community structures. Furthermore, bacterial diversity decreased at sites A4, B5, and C1 (Fig. 1c) , which was confirmed by evaluation of the Evenness, Chao1 estimator, and Shannon index.
PCoA based on the Bray-Curtis distance (Fig. 3a) revealed a significant shift (Adonis test, P < 0.01) of the overall microbial community composition. PCoA showed that microbial community structures were significantly different between water samples from site C1 and others. The first two PCs explained 81.0% of the total variance in microbial community structure, with PC1 explaining 60.0% of the variance. This demonstrates that the urban river samples could be grouped into three clusters: cluster A including A1, B3, B7, and C2; cluster B including A2, A3, A5, B1, B4, C4, and D1; and cluster C including A4, B2, B5, B6, and C3 (Fig. 3a) . These results suggest that geographical factors were not the main factor contributing to the diversity and abundance of bacterial communities in the urban river system.
Diversity and abundance of ARGs
HT-qPCR was performed to investigate the abundance and diversity of ARGs. A total of 294 genes (285 ARGs, 8 transposase genes, the class 1 integron-integrase gene, and 16S rRNA genes) were detected in the water samples. The number of ARGs detected in each sample ranged from 100 to 159, with an average of 124 (Fig. S2) . Site C1 (secondbranch tributary) had the highest number of detected ARGs, followed by site B7 (first-branch tributary), and site A5 (main stem) with the lowest. The 258 unique ARGs were primarily grouped into eight types (aminoglycoside, beta-lactams, FCA, MLSB, other/efflux, sulfonamide, tetracycline, and vancomycin resistance genes), in which aminoglycoside, other/efflux, and beta-lactams resistance genes were most abundant (Fig.  S2) . The whole ARG profiles are shown in Fig. S3 . Among the persistent ARGs in all samples, aminoglycoside, other/ efflux, and beta-lactams resistance genes dominated (aadA2-03, aadA1, aadA-02, aadA2-02, aadA-01, aacA_aphD, aacC2, qacEΔ1, qacH-02, bla GES , bla OXA1 _bla OXA30 , bla OXA10-01 , bla OXA10-02 , bla PER , bla TEM , bla VEB , and cfxA) (Fig. S4) . Generally, the absolute abundance of ARGs ranged from 3.61 × 10 10 to 3.02 × 10 11 copies/L in surface water samples, which was higher than those found in Beijing urban rivers (Xu et al. 2016) . The absolute abundance of detected ARGs and MGEs were significantly higher at site C1 than 
, and Flavobacterium (G14)) other sites ( Fig. S5 ; P < 0.05), suggesting that the pollution and ARGs in the urban rivers were significantly different from the upstream waters (approximated by upstream site A1). The normalized copy number of ARGs was use to assess the abundance of ARGs in the total bacterial community. The relative copy number of ARGs was similar among sites (range 0.07-0.82) with an average of 0.12 resistance genes per cell (Fig. 1d) . The normalized copy number of ARGs increased at sites B3 and C1, which were more than two times greater than site A1. The relative copy number of the detectable ARGs was similar in main stem sites (P > 0.05). The relative copy number of detectable ARGs in site B3 was significantly higher than other samples of first-branch tributaries (P < 0.05). Furthermore, the relative copy number of detectable ARGs showed significant differences among the samples of sites C1, C2, C3, and C4 (P < 0.05), suggesting that the relative copy number of ARGs in tributaries was more sensitive than main stem sites.
ARGs detected in the urban water samples encompassed the three major resistance mechanisms: antibiotic deactivation (40%), efflux pumps (30%), and cellular protection (25%). Inverse Simpson, Shannon, and Evenness indices indicated that the diversity of detected ARGs at most sites was similar (Fig. S6) . PCoA based on the Bray-Curtis distance showed that site C1 was distinct from the other sites (Fig. 3b) . Furthermore, ARG profiles (Fig. 3b) in main stem sites (A1, A2, A3, A4, and A5), first-branch tributaries (B1, B2, B3, B4, B5, B6, and B7), second-branch tributaries (C1, C2, C3, and C4), and the suburban site (D1) showed random distributions, suggesting that geography was not a strong driver of ARG profile shifts in the urban river system. The first two PCs explained 84.5% of the total variance of ARGs, with PC1 explaining 68.4% of the variance (Fig. 3b) . PCoA further demonstrated the spatial distribution characteristics based on the abundance of resistance genes in bacterial communities. The three ARG clusters in PCoA were similar to the PCoA of bacterial communities, which indicates that bacterial communities were significantly correlated with ARGs in this urban river system.
Correlation between environmental factors, bacterial communities, and ARGs
Relationships among physicochemical parameters and bacterial communities were evaluated with RDA. Based on the PCoA analysis, the 17 sites were divided into three groups: group A (A1, B3, B7, and C2), group B (A2, A3, A5, B1, B4, C4, and D1), and group C (A4, B2, B5, B6, and C3). RDA and partial Mantel tests revealed that the bacterial communities were significantly correlated with TOC, TN, TDN, TDP, , TC, and IC (P < 0.05). The overall pattern of the bacterial community was significantly related to TN, TDN, TDP, and TOC (partial Mantel test; P < 0.01), suggesting that carbon energy sources and major nutrients (N&P) were key factors driving the microbial community composition in this urban river system. The abundance of total ARGs was positively correlated with 16S rRNA gene copy number ( Fig. 1d ; P < 0.01), which increased at sites B3 and C1.
RDA and Mantel tests showed that the ARG profiles were significantly correlated to bacterial composition and structure (Mantel test; P < 0.001), suggesting that the bacterial community significantly influenced the abundance and diversity of ARGs. RDA of bacterial communities and detected ARGs showed that sampling sites could be grouped into three clusters: cluster 1 including A1, B3, B7, and C2; cluster 2 23758
Environ Sci Pollut Res (2017) 24:23753-23762 Fig. 4 Redundancy analysis (RDA) assessing the relationship between a physicochemical characteristics and bacterial communities and b bacterial communities and ARGs including A4, A5, B2, B4, and B6; and cluster 3 including A2, A3, B1, B5, C4, and D1. This analysis reveals that bacterial communities greatly altered ARG abundance and diversity (Fig. 4b) . Among the identified genera, 14 genera significantly correlated with persistent ARG distribution (aadA2-03, aadA1, aadA-02, aadA2-02, aadA-01, aacA_aphD, aacC2, qacEΔ1, qacH-02, bla GES , bla OXA1 _bla OXA30 , bla OXA10-01 , bla OXA10-02 , bla PER , bla TEM , bla VEB , and cfxA) in the urban river system (P < 0.05), including Limnohabitans (G1),
and Flavobacterium (G14). G4-G14 were positively correlated with the first axis (explaining 59.7% of total variance) and site C1, suggesting that G4-G14 played important roles in the dissemination and variation of ARGs. The relative abundances of Arcobacter, Burkholderia, Dechloromonas, Hydrogenophaga, Acidovorax, Cloacibacterium, Prevotella, Paludibacter, and Bacteroides were significantly correlated with aminoglycoside, beta-lactams, MLSB, sulfonamide, and tetracycline resistance genes, and the abundance of transposases (Table S3 ; P < 0.05). The identified genera within the Proteobacteria phylum (Arcobacter, Hydrogenophaga, a n d A c i d o v o r a x ) a n d B a c t e r o i d e t e s p h y l u m (Cloacibacterium, Prevotella, Paludibacter, and Bacteroides) appear to affect the abundance and diversity of ARGs and mobile genetic elements. Transposases, TOC, and TDN were positively correlated with the absolute abundance of total ARGs (Fig. 5a ) and showed a stronger correlation with the abundance of aminoglycosides, beta-lactams, MLSB, other/efflux, and tetracycline resistance genes (Table 1 ; P < 0.01). The abundance of transposases was not significantly correlated with physicochemical parameters or bacterial communities (P > 0.05). These results suggest that the ARG profiles were affected by the combined effects of transposases, water quality, and microbial community composition. VPA demonstrated that over 80% of the observed variation in ARG profiles were explained, with microbial community composition shift contributing to 68.4% of the ARG variation (Fig. 5b) . Thus, microbial community composition had a much stronger relationship with ARG variation than the physicochemical parameters and MGE alterations.
Discussion
This study systematically investigated the abundance and diversity of ARGs in an urban river system receiving considerable inputs of non-treated sewage and industrial waste. The abundance and diversity of ARGs in this urban river system were higher than previously reported from other Chinese urban rivers (Luo et al. 2010; Xu et al. 2016; Ouyang et al. 2015) . Among the genes found in all water samples, aadA2-03, aadA1, bla VEB , bla TEM , and qacEΔ1 were consistently detected at high abundance. Previous studies showed high numbers of bla TEM gene copies in surface water and sediments (Lachmayr et al. 2009; Singh et al. 2016; Bogaerts et al. 2016) . The TEM-β-lactamases encoded by the bla TEM gene represents one of the most clinically significant families of β-lactamases. The qacEΔ1 genes represent a mechanism for antibiotic efflux resistance genes, which are commonly embedded in integron resistance cassettes (Singh et al. 2005; Koczura et al. 2016) . The high level of qacEΔ1 genes may result from the overuse and abuse of quaternary ammonium compounds which have widespread commercial applications (Ruan et al. 2014; Wassenaar et al. 2015) that may lead to an increasing prevalence of resistance genes impacting human health. We also found high levels of vancomycin resistance genes which are relatively rare in natural environments with an absolute abundance range from 4.44 × 10 6 to 8.17 × 10 8 copies per L. Vancomycin is a fallback therapy against microorganisms in hospitals suggesting that wastewater from medical facilities could be a source of ARGs as inferred in previous studies (Zhu et al. 2017; D'Costa et al. 2011 ). The transposase gene was detected in each sample, indicating a potential for horizontal gene transfer of ARGs . The difference in bacterial community composition among the 17 water sample was demonstrated by 16S rRNA sequencing, and the ARG distribution revealed significant differences as well. The urban river system contained high concentrations of several pollutants, with the high carbon, nitrogen, and phosphorous concentrations having obvious effects on the structure of bacterial communities and distribution of ARGs. However, there was no clear spatial distribution in the abundance and type of ARGs, indicating that ARG profiles were not significantly affected by geographical factors (Xu et al. 2016) . Furthermore, we found that the abundance and diversity of ARGs from main stem sites were more stable than those from tributaries. The main stem sites had a low flow at the time of sampling and therefore received waters from similar upstream sources. In contrast, the tributaries are typically stagnant except following major rainfall events and are therefore affected by more local factors, such as contrasting bacterial communities and anthropogenic pollution sources.
The relative abundance of Burkholderia was higher at sites A1, B3, and C1 (Fig. 2) , which contained some pathogenic members (e.g., Burkholderia mallei responsible for glanders disease that occurs in horses and related animals, Burkholderia pseudomallei a causative agent of melioidosis, Burkholderia cepacia an important pathogen for pulmonary infections in humans with cystic fibrosis) (Woods and Sokol 2006; Djordjevic et al. 2013) . These findings are consistent with site A1 being the furthest upstream site that is closest to areas with animal husbandry and sites B3 and C1 being in the urban environment and subject to receiving waters from hospital waste and non-treated sewage. The relative abundance of Burkholderia was significantly correlated with ARGs (aminoglycoside, beta-lactams, MLSB, sulfonamide, and tetracycline resistance genes) and transposases (Table S3 ; P < 0.01), demonstrating that MGEs and ARGs were prevalent in zoonotic bacteria. Among all sites, site C1 had the highest abundance of several bacteria (e.g., Zoogloea, Bacteroides, and Prevotalla), and Zoogloea species that commonly exist in wastewater and play a crucial role in organismal remediation in wastewater treatment (Garrity et al. 2005; Shao et al. 2009 ). This suggests that site C1 may be receiving large inputs of sewage waste, consistent with the extremely high NH 4 + concentration (16.4 mg NH 4 -N/L) at this site. Furthermore, Bacteroides species are obligate anaerobic bacteria, playing an important role in the mammalian gastrointestinal flora and making up a significant portion of the fecal bacterial population (Wexler 2007; Madigan et al. 2012) . , TC, and IC, are key factors driving bacterial community shifts in urban river systems (Jordaan and Bezuidenhout 2016) . Our data identified TOC and TDN as potentially important environmental factors affecting the abundance and diversity of bacterial communities and ARGs in urban river systems as based on RDA analysis. However, the abundance of transposases was only significantly correlated with the ARGs. Moreover, VPA demonstrated that bacterial community variation was more strongly associated with ARGs than MGEs (Jordaan and Bezuidenhout 2016; Zhao et al. 2016) . We found that 14 genera were positively correlated with the ARG distribution, indicating that bacterial communities shaped the distribution and abundance of ARGs (Huerta et al. 2013; Xiong et al. 2015) . Since environmental factors can greatly affect the microbial community composition, they would be expected to cause variation of ARG profiles in the urban river environment . Environmental factors and bacteria communities may directly and indirectly affect the variation of ARGs, suggesting that the combined effects of multiple, interacting factors contribute to the profile and dissemination of ARGs in urban river systems.
Anthropogenic activity significantly alters the water and habitat quality of urban rivers causing a shift in microbial community composition (Fu et al. 2014; Koczura et al. 2016; Lu et al. 2015; Zhu et al. 2017) . The distribution of ARGs exhibited no significant spatial heterogeneity, indicating that the point-source pollution released into the urban river system is widespread and has a strong influence on riverine microbiota and ARG profiles.
Conclusions
This study concludes that ARG profiles were modified by the combined effects of water quality, MGEs, bacterial community structure, and anthropogenic activity. In particular, the concentrations of carbon resources, nitrogen, and phosphorous were strongly correlated with variations in bacterial community structure. TOC and TDN were the primary water quality factors contributing to variations in ARG profiles. Changes in microbial communities caused by variations in physicochemical parameters of river waters was the major factor shaping ARG profiles rather than geographical factors and MGEs in the urban river system. Point-source pollution in urban rivers may be an important factor affecting the widespread abundance of ARGs.
